An exploration of debris types and their influence on wear rates in fretting by Blades, L et al.
An exploration of debris types and their influence on wear rates in
fretting
Luke Bladesa,b, David Hillsb, David Nowellb,c, Ken E Evansa, Chris Smitha
a College of Engineering, Mathematics and Physical Sciences, University of Exeter, Exeter EX4 4QF, UK
b Department of Engineering Science, University of Oxford, Parks Road, Oxford, OX1 3PJ, UK
c Department of Mechanical Engineering, Imperial College London, London, SW7 2AZ, UK
Abstract
The effects of debris particles in fretting contacts are substantial and are believed to play
a key role in the difference in wear rates observed between fretting and full sliding wear.
Studies of debris have shown that the effects can have detrimental or palliative effects on the
parent surfaces. This work aims to explore this phenomenon through the study of fretting
contacts of EN24-T (steel) and Ti-6Al-4V (titanium alloy). All combination pairs of these
materials were tested in oxidative and non-oxidative atmospheres. Methods were developed
to measure the wear rates throughout each test and corresponding ‘time stamped’ debris
samples were analyzed. Vast differences were observed in the effects of oxygen on the wear
rates of the two materials. Evidence suggests that the reason for this difference in the size
of the particles in the contacts, not hardness.
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1. Introduction
1.1. Fretting wear
Fretting wear is the removal of material from a surface under contacting pressure and
small amplitude lateral displacements. It is a common limitation for the lifing of contacting
components in industry [1]. Components are often fixed to one another through the use of
fasteners such as bolts or rivets which apply very large normal loads and consequently large
frictional forces to prevent rigid body motion. If these joints are subject to vibration, then
low amplitude reciprocating wear may occur. Examples of common mechanical assemblies
subjected to fretting wear include keys, cables, bearing races and shafts, orthopedic implants,
turbine blade roots and electrical contacts [2].
Fretting is usually defined by a limitation in the range of amplitude of relative displace-
ment between reciprocating parts; the minimum value is not universally agreed upon in
the literature but typical amplitudes are around 300  m [3]. Fretting wear requires some
relative displacement between contacting surfaces, which is achieved when an applied lateral
force exceeds the resistive friction force in the contact [4]. Fretting contacts differ from full
sliding (large displacement amplitude) contacts in two key ways: first, fretting components




























































are usually designed to be relatively fixed and so are unlubricated. Secondly, wear particles
are less able to escape as the contact region remains at least partially covered [1].
As a result of these complications, the capability of models for fretting wear lags sig-
nificantly behind those for sliding wear, which for many applications can be adequately
predicted by the Archard law, published in the 1953 [5] and developed or modified in many
ways since [6]. Methods based upon the ‘Archard law’ do not work well for prediction of
fretting wear, possibly because they do not account for the effects of entrapped debris. An
example of such a model is by McColl et al, which works well at lower loads but has signifi-
cant error at higher loadings, attributed in part to debris [7]. Owing to the requirement for
better lifing accuracy and thus design tools, there is a need for i) new models for fretting
wear, and ii) experimental data on fretting wear, debris, and its influence on wear. Many
components such as those in gas turbines operate at elevated temperatures and in complex
gaseous environments. This paper concerns fretting wear, debris and the influence of gas
environment on wear rates.
1.2. Methods for analysis of debris
Debris particles are known to occur with diameters over a large range from nm to mm [8].
Optical microscopy can be used only for the largest (micron and millimetre scale) particles,
with SEM and TEM electron microscopy for everything else. Microscopy is often followed by
automated image processing for size and shape data (since the number of particles is typically
large), and EDS (electron dispersive spectroscopy) for elemental composition analysis. The
way in which debris particles influence wear in a fretting contact is complex and may vary
with contact pressure, particle size and substrate material [9], substrate and particle hardness
(having both positive and negative effects on wear rates [10] [11]), wear mechanism [12] and
contact geometry [13]. In order to explore the relationship between debris particles and
wear rates, attempts have been made to introduce debris of known specification [9] [12] into
contact zones. It is difficult, of course, to be sure that changes in wear result from the
debris in its original form, or if some evolution of the debris occurs after the introduction
with consequent effects on wear rates. For this reason, the ability to capture and evaluate
debris particles ejected from the contact zone is critical. Brake disk degradation researchers
made use of an ELPI (Electrical Low Pressure Impactor), a specialised particle sizing system
working on the principle of measurement of electric charge carried by particles of varying
size [14]. This system measures large numbers of particles in real time. The ELPI system is
reviewed here [15]. Since EDS only directly provides information on elemental composition
and not the materials present, some researchers employ XRD (x-ray diffraction) in the
analysis of debris [11] [16] [17] [18].
1.3. The requirement for physics based debris models
Much of the research on wear debris to date has been in the development of on-line
monitoring systems, by means of which industrial processes can be constantly monitored for
signs of severe wear through observation of the debris produced, eliminating the requirement





























































[20], describe how the same debris measurements are being applied in on-line monitoring,
only now with better equipment. These measurements include area, fibre ratio, aspect
ratio, fractal dimension and roughness among others. Papers by Kumar et al and Wu
et al [21] [22], evaluate these methods, concluding that the capability and resilience of
sensors, disagreement about failure conditions, and the requirement for expert subjective
interpretation, limit the applicability of on-line monitoring. Development of these methods
lies in the improvement of sensor technology and artificial intelligence methods such as neural
networks to replace expert monitoring [21].
Even if it is difficult to apply on-line monitoring broadly in industry, the well founded
relationships between wear severity and debris morphology, composition and colour, can
be exploited in modelling. Done et al show that, even accounting for debris in a finite
element model (by assuming debris are adhered to one of the first bodies), represents an
improvement in accuracy over complete neglect of debris [23]. Others have explored the
more computationally expensive option of DEM (discrete element modelling), which allows
the employment of more physics and fewer geometry dependent empirical coefficients [24]
[25]. These models require data on the morphology and composition of debris particles and
information regarding the mechanisms by which debris particles interact with each other
and the third bodies.
1.4. Oxide debris and oxidation wear theory
The availability of oxygen in fretting metal contacts enables the production of multiple
possible debris compositions. Oxides are often quite different in their properties from their
metals and so identifying the composition of debris is critical to the accuracy of models, as
shown in the on-line monitoring research. A study by Peng et al used only colour for the
identification of debris particles and reviews literature noting significant differences in wear
rates of steel in the presence of black and red iron oxide [26]. These two oxides, black Fe3O4
and red Fe2O3, are the two most common oxides produced from iron at room temperature.
The red oxide is the final oxidative state of iron at room temperature, whilst black oxide
typically occurs during more rapid oxidation as a result of higher temperatures [27].
Experimental research on iron oxide debris had a focus on oxide compacted layers or
“glaze layers”. This was the result of agglomeration / sintering of debris particles into a
layer on one or both of the first bodies in a contact and was identified as the reason behind
the protective nature of iron oxides in wear contacts [28]. The work of Stott et al on oxide
glazes noted, by measuring the electrical resistance across the two contacts, a correlation
between oxide presence and reduction in wear rates / friction coefficients [29]. These authors
described the method of glaze layer formation, comparing the process to hot-pressing, by
which many ceramic products are formed. This process was determined to require small
particles (10-50nm), of “almost any oxide or oxides”, bonding with weak bonds, the nature
of which is not stated. The work of Inman agrees with this and explored sintered oxide glaze
layers occurring in contacts of nickel and cobalt based alloys [30]. Zhou et al sintered nano
scale metal particles (10-200nm, mean size 30-40nm) of iron and nickel at room temperature





























































wearing contact was independent of debris composition and required only a suitable size
distribution [31].
Work by Iwabuchi showed that iron oxide can also have a harmful effect in a contact
as well as being protective, depending on parameters like slip amplitude and normal load,
suggesting this as the cause of high initial wear rates in steel-steel contacts [12]. It is
important that DEM models capture the various ways in which oxide debris can affect wear
rates, including their tendency to agglomerate, produce glaze layers, and abrade first bodies,
and the conditions under which these effects occur.
1.5. Effects of gas environment on wear rates and debris
Whilst providing useful empirical data on wear in extreme conditions, studies of wear in
various oxygen concentrations and vacuum indicate that there are very few universally true
statements that can be made about the effects of oxygen availability. The literature generally
agrees that for steel-steel contacts in air, the effect of oxygen is to reduce wear in the steady
state [26] [28]. However the work of Begelinger et al on the effects of oxygen concentration
in steel-silver contacts showed the inverse to be true, concluding that iron oxides were
contributing to an adhesive wear mechanism [32]. Whilst some researchers have found
vacuum conditions to accelerate wear by severe adhesive mechanisms (cold welding) [33],
others have found that upon increasing the atmospheric pressure (and so oxygen availaility),
wear rates of steel and titanium alloys on Cu-Be alloy plates increased further [34]. Finally
work by Akagak et al showed that large variations in wear rate and debris particle size are
observed in vacuum, corresponding to the variation of the ratio of hardness between the two
first bodies in the contact [35]. These inconsistencies in the effects of oxygen presence, and
the different types of debris produced, indicate a requirement for data linking specific debris
morphologies and compositions, to wear rates.
1.6. Debris retention
The tendency for debris to be ejected or retained within a contact will contribute to ei-
ther harmful or protective effects. This tendency has been shown by Warmuth et al [36], to
depend on both frequency and contact conformity. The increased debris retention resulting
from higher frequencies was attributed to increases in temperature and the corresponding
softening of the sample surfaces leading to increased embedding of debris. This idea was
explored further by Lemm et al [11], who found that the softer of two surfaces in contact
was more susceptible to protective debris adhesion, and so would wear less than the harder
counterbody. Similar conclusions were drawn regarding the influence of contact conformity
on debris retention, due to the larger distance debris are required to migrate. The authors
noted the greater presence of oxide debris formation in less conforming contacts due to the
lower oxygen diffusion distance required. In these tests, debris produced at higher frequen-
cies also contained less oxide than that produced at low frequencies. This was attributed
to differences in the amount of time for which oxygen was available to the wearing surfaces.
Soderberg et al found negligible changes in wear rate in their fretting experiments over the





























































true below 100Hz as oxidation rates may become important [37].
The intent of this work was to explore the debris particle parameters critical to modeling
of fretting wear. Manipulation of the oxygen availability was used as a method to vary debris
parameters independently of any other test parameter. This paper evaluates the impact of
oxygen presence in debris particles in fretting wear contacts. The two materials studied
were a steel (EN24-T) and a titanium alloy (Ti-6Al-4V), chosen for their prevalence in the
literature and in aerospace component design.
2. Methods
The approach taken here was to develop a testing protocol capable of determining how
the gas environment of a contact affected the type of debris particles formed and the wear
rate as a function of cycle number. The test was to be undertaken on two materials, steel
(EN24-T) and titanium alloy (Ti-6Al-4V), and in two gasses, air and argon. Wear debris
was to be captured continuously during the test for analysis.
2.1. Experimental rig and conditions
The schematic in Figure 2.1 shows the experimental rig used in the investigation to be
described. Three metal rods were arranged in a crossed cylinder configuration, wherein
the vertical rod was displaced (shown in Figure 2.1 indicating +/- 0.3 mm), and the two
horizontal rods were held still but with a clamping force applied so they pinched onto the
vertical rod. The two horizontal samples were supported in clamps on thin, wide cantilevers,
providing a sturdy support with good compliance in the direction of the applied contact
force (shown in Figure 2.1 left as black arrows indicating 100 N force), and relatively higher
stiffness in the plane of wear. This allowed the horizontal samples to move towards one
another during the test as the samples wore, yet to maintain a near constant contact force
throughout. The contact force was developed by a pre-loaded spring assembly contained
within a calliper, which itself rested on a set of bearings (Figure 2.1 right). This assembly,
with near zero lateral resistance, ensured the same force was applied to both contacts. The
spring is relatively long so that the small change in spring length over the course of a test
resulted in +/- 1 % about the nominal 100 N contact force. A bespoke miniature pancake





























































Figure 1: Left: A model of the 3 samples used and descriptions of their interactions. Right: A labelled
schematic of the components employed in the wear rig
The vertical sample was fixed to a linear actuator of a universal mechanical testing
machine (Instron 8872) which allowed control of the cyclic displacement amplitude and
frequency, in this case +/-0.3 mm at 5Hz. Three combinations of steel and titanium alloy
were tested, i) steel-steel, ii) titanium alloy-titanium alloy, and iii) steel-titanium alloy.
Each material pair was tested in air and argon atmospheres. Steel-steel in air was tested 9
times to determine the repeatability of the experiment. Other experiments were typically
performed 3 times, twice in some cases due to hydraulic failures. The EN24-T steel is
typically chosen for its wear resistance after heat treatment, and was supplied (by Steel
Express, Wolverhampton, UK) in 10 mm rods containing 0.44% C, 0.35% Si, 0.7% Mn,
0.04% S, 0.035% P, 1.4% Cr, 0.35% Mo, 1.7% Ni [38]. The Ti-6Al-4V was supplied (by
Ti-TEK ltd, Birmingham, UK) in 12mm rods containing up to 0.08% C, 0.05% N, 0.2%
O, 0.125% H, 0.4% Fe, 6.75% Al, 4.5% V [39]. EDS was performed on samples of these
materials to confirm that their compositions lay within the expected ranges. Experiments
were run for 10,000 cycles, over which duration gross frictional heating of the contact was
found to be negligible.
All rod samples were turned on a lathe to 8.3 mm nominal diameter then ground to
8 mm diameter. Steel samples had an average roughness value of 0.3 m Ra, Titanium
alloy samples had an average roughness of 0.8 m Ra measured on an Alicona G4 Infinite
focus Optical 3D profilometer. The differences in roughness between the samples of the two
materials was deemed to have a negligible impact on wear rate due to the initial high contact
pressures in a Hertzian (crossed cylinder) contact. Vickers hardness tests were performed
on the Titanium alloy and steel and returned values of 344 and 293 HV respectively, which





























































cleaned with acetone to remove any oil and grease surface containments. For any given test,
the mechanical conditions are assumed identical for each of the two contacts due to the
design of the loading rig described in figure 2.1.
Figure 2: Schematic of the atmosphere control and debris collection apparatus
2.2. Capture of debris and control of oxygen availability
In order to capture the debris produced throughout the test for analysis, a capture system
was developed. A narrow paper tape was located beneath the contact zone and just fitting
within a gap in the calliper. It was drawn out of a spool at a constant rate by a stepper
motor, ensuring that a time (and therefore cycle number) data could be associated with
specific debris. Upon completion of a test, this tape was cut into pieces corresponding to
the cycle ranges 0-500, 500-1000, 1000-5000, 5000-10000. These cycle ranges were chosen
based upon the results of preliminary tests with the purpose of catching the debris types
produced during mild, transition and severe stages of wear when fretting steel samples in air.
The debris on these tapes was stored in acetone and transferred to TEM grids for microscopy.
The test rig was sealed within a plastic enclosure to allow for control of oxygen availability
to the contact zone by the introduction of argon gas, shown in Figure 2.1. This enclosure
contained both the contact region and the entirety of the debris capture apparatus to allow
collection and analysis under the controlled gas environment. A constant input flow of argon
was maintained to compensate for any leaks in the plastic enclosure. Prior to sealing, the
samples were cleaned with a paper cloth and acetone to remove surface oxides and oils, until
their surface became bright and reflective. Argon gas was fed into the enclosure until an
oxygen monitor (KANE250 combustion meter) located internally, read <0.2% oxygen (<1%
of the typical partial pressure in a laboratory). Oxygen levels were maintained at this level





























































2.3. Calculating worn volumes and contact areas from measured worn depth
The crossed cylinder experiment rig employed an LVDT to measure advancement of the
end of the spring providing the contact force in the calliper. This measures the total depth of
the two wear scars on the sides of the vertical rod. In order to calculate the volume of worn
material from the wear depth, a preliminary correlation was made for 31 samples in which
the worn volume was measured accurately using an optical profilometer and plotted against
wear depth as measured via the LVDT, over a range of cycle numbers from 50 to 10,000.
The wear scars were analysed using an Alicona G4 Infinite focus Optical 3D profilometer.
This produced micrographs of high field depth and 3D surface data with a claimed vertical
resolution of 1 m and lateral resolution of 5 m. An algorithm similar to that described
by Pearson et al [41], was employed to calculate the volume lost from the measured scar.
The micrographs obtained, exemplified in Figure 2.3 (top left), were measured to find the
contact areas corresponding to the wear depths recorded.
Figure 3: Data obtained by the profilometry of a worn sample: (a) A surface plot of the 3D data of the
scar and surrounding region. (b) The approximated unworn surface formed by the interpolation between
measured unworn profiles at either end of the scar. (c) The original worn profile and reference profile plotted
together. (d)A micrograph of an unworn region. (e) A deep field micrograph of the scar.
To calculate the worn volume from the profilometer data of wear scars, surfaces conform-
ing to the original (unworn) surface profiles were fitted, and the difference between these
surfaces was calculated. The reference surfaces were set up by interpolating between unworn
section profiles at either end of the wear scar with linear best fits which then form a surface,
as shown in Figure 2.3 (b)and (c). The volume differences between the interpolated and
worn surfaces were calculated by trapezoidal numerical integration. The presence of mate-





























































was disregarded, i.e. it was not included in the calculation of worn volume. This definition
of “worn volume” is different from that described by Pearson et al, who described it as the
sum of the volumes removed and the volumes transferred or moved by plasticity [41].
Figure 4: Top left: Deep field micrograph. Top right: Profilometer surface data. Bottom: Axial (left) and
circumferential (right) scar profiles on a horizontal sample (steel on steel in argon).
In evaluating the accuracy of this algorithm and scanning technique, it was applied
to unworn surfaces (known volume loss of zero). A worn volume of between 0.002 and
0.005mm3 was calculated for clean surfaces. The average volume lost for a test after 10000
cycles was 0.238mm3 and the lowest volume recorded in a test was 0.035mm3 after 100
cycles. Errors with this method will clearly be relatively larger when estimating small
volume losses, however this error is less than 5% for all measurements past 1000 cycles. A
polynomial was then fitted to these data (third order to correspond with a length to volume
conversion), displayed in figure 3.1. This polynomial was then used to plot wear volume vs
cycle number for the experiments discussed in this paper. These plots can be interpreted
to give the wear rates at varying stages of the experiment, throughout the development of





























































estimated worn volumes of the samples. The average error across the whole data set was
21% however much of this error was in the estimate of smaller volume losses. The average
error for estimates of volume with a measured volume of more than 0.1mm3, was 11%.
2.4. TEM, EDS and associated methods
After debris samples had been collected, they were sonicated at 40kHz, 180W for 20
minutes to separate agglomerates so that particles could be viewed and analysed individually
as much as possible. Particles were then dispersed by a pipette bubbling through the acetone,
several drops of which were then pipetted onto a copper/carbon TEM support grid, 400 mesh
size. The debris was then viewed in a JZOL 2100 TEM/EDS using an acceleration voltage of
200kV. This method is typical for the analysis of nanoparticles, although since the samples
must be dry to observe them in a vacuum, agglomeration is common during deposition onto
grids [42].
2.4.1. EDS oxygen quantification
Carbon grids used to support the samples are known to contain oxygen. Since the
measurement of oxygen concentration in the debris is of importance in this study, preliminary
tests were undertaken to identify approximately this oxygen content so that it could be
subtracted from subsequent measurements. The number of counts of oxygen detection varies
with the area of grid exposed, and this area could not be kept constant due to required
changes in magnification, so no absolute value could be used. A total of 16 scans were
performed across 4 grids to find the average ratio of oxygen to carbon counts, as negligible
quantities of carbon are present in the materials studied. The result was 0.03 counts of
oxygen per count of carbon with a coefficient of variation of 17.5. The corresponding number
of oxygen counts from the scans of debris were removed from the data sets. This makes a
negligible difference for tests conducted in air but is significant for the analysis of low oxygen
atmosphere data.
The purpose of the EDS measurements taken here was to identify the ratio of oxide to
metal, in debris particles from the experiments. This ratio, in conjunction with a particle
size ratio, can be used in DEM wear debris models. The oxides assumed in the calculation
of these ratios are Fe3O4 and T iO2, for EN24-T and Ti-6Al-4V respectively. Fe3O4 is
expected over the other common iron oxide (Fe2O3), due to the black colour of the debris.
Whilst there are several possibilities for the type of oxide produced from titanium, T iO2 is
by far the most common air-formed oxide. This T iO2 passive layer on Ti-6Al-4V has been
thoroughly studied in medical research literature for its biocompatibility in implants [43].
2.4.2. Particle size analysis
Images were taken of random particles viewed through the TEM, as in many samples
thousands of particles could be identified. Particles or agglomerations in which boundaries
could not be clearly distinguished were disregarded. These images were then imported into
ImageJ software [44], converted to black and white images and then a manual threshold
applied to produce a binary image. The threshold value was chosen to produce an image





























































is similar to methods described here [45]. Once the particle boundaries had been identified
their areas were recorded by pixel counting. Since the majority of particles had low aspect
ratios, they could be realistically approximated as spheres of the same cross sectional area.
2.5. Dissipated energy calculation
The loads and displacements recorded by the Load cell and LVDT were used to produce
hysteresis loops for each cycle. As described by Fouvry et al, the area of these loops is used
to calculate the dissipated frictional energy per cycle [46]. The literature on wear commonly
associates change in wear rates with changes in friction [34]. Dissipated energy, calculated
in this way, is used here as a metric of friction as it is a function of the average friction.
3. Results
3.1. Wear depth to wear volume calculation
The amount of wear during tests was quantified via the LVDT measurement of advance-
ment of the spring applying the contact force. The relationship between the depth of wear
and the volume of worn material is shown in figure 3.1. The fitted coefficients of the best fit
cubic polynomial function is given in equation 1, which was used to calculate worn volume
from LVDT measurements.
V = 1.555D3 + 5.716D2 + 0.9746D (1)
Where D is the LVDT measurement in mm and V is the corresponding volume loss in
mm3. Equation 2 gives the fitted linear relationship between the measured wear depth and
wear scar area A, in mm2.





























































Figure 5: The polynomial best fit used to relate worn volume to measured wear depth. These samples (in-
cluding steel-steel, titanium-steel and titanium-titanium) were tested up to a specific cycle number (between





























































Figure 6: The linear best fit used to relate wear scar area (used in the calculation of nominal contact
pressure) to measured wear depth. The same samples were used as for the calculation of the wear volume
calculation polynomial in figure 3.1. The wear scars of these samples were measured by light microscopy.
3.2. Repeatability
In evaluation of the repeatability of the rig, 9 tests were performed on steel-steel in air,
the results of which are given in figure 3.2. The standard deviation as a percentage of the





























































Figure 7: Results of all steel-steel tests in air, Worn volume vs Cycle number. Used to calculate the
repeatability of the rig.
3.3. Wear volume with material and atmosphere
The progression of wear with cycle number for all experiments is shown in Figure 3.3.
Some tests exhibit an initially high rate of wear followed by a transition into a more steady
regime, whilst others show no such transition. High linear wear rates are observed for
titanium-titanium and titanium-steel in air, whilst very little wear occurred between the
same material pairs in argon. Figures 3.3 and /refwearpressurevscycle show the wear rate






























































Figure 8: The progression of wear with cycle number for each of the 6 experiments.
Figure 9: Wear rates plotted against cycle number, found by the numeric differentiation of polynomials





























































Figure 10: Wear rate per unit pressure (estimated at the time from the wear depth), plotted against cycle
number.
3.4. Debris size distributions
The size distributions of debris samples taken from the experiments are graphed below.
Where possible, (x) markers are placed to indicate a data point, to aid visualisation of the
relative density of the data within the distributions. They are, however, omitted in data sets
with large sizes (n>500). Through microscopy of debris from the steel-steel tests at various
magnifications, particles of two distinct size ranges were identified, separated typically by
three orders of magnitude; consequently plotting them within the same distribution would
impede comparison. For the sake of this comparison, these data have been graphed on 3 sets
of linear axes. The first, Figure 3.4.1, shows the size distributions of the large debris particles
from steel-steel tests. Figure 3.4.1 gives the distributions for the smaller debris particles in
the same tests and Figure 3.4.2 compares all distributions available for the titanium-titanium





























































3.4.1. Steel on steel test debris
Figure 11: Steel oxide debris size distributions. All debris from steel-steel-air tests
Figure 12: Steel metal debris size distributions. Mix of air and argon debris sets containing steel particles





























































3.4.2. Ti-6Al-4V and mixed material test debris
Figure 13: Titanium on titanium and mixed material in air debris size distributions. Most argon tests
yielded insufficient debris particle quantities
3.5. EDS of steady state particles
EDS results were recorded for all samples taken. The low cycle data sets had much
higher variation in elemental composition, and fewer particles to analyse. The steady state
(1000-10000) sample EDS data for all tests are presented in figure 3.5, for which many
particles were available for measurement. These charts present the average ratio of oxygen
to iron/titanium from each test for comparison to the ratio required to oxidise all of the
metal present (right). For the titanium-steel tests, it is not possible to know from EDS to
which of the metals present the oxygen is assigned (or by which ratio). Consequently, the
charts given for these tests show the two extreme possibilities: that all the oxygen counts





























































Figure 14: Ratios of oxygen counts to metal counts in steady state (1000-10000 cycle) wear debris, from
processed EDS data
Considering the steel-steel tests, EDS scans over large numbers of debris particles can
provide a measurement of the ratio of oxide to metal within a sample. This will not, however,
provide any information as to the location of this oxygen, be it in agglomerations of oxide
debris particles, oxide particles adhered to the surface of metal particles, or simply as a
surface oxide on metal particles. Localised EDS scans of low cycle samples revealed that the
bulk of this oxygen is located in agglomerations of smaller (5-20 nm) particles, in agreement
with literature on steel debris. TEM micrographs in figure 3.5 shows the morphological
differences between the two particle types.
Figure 15: TEM micrographs of debris particles recovered from steel-steel-air tests. The left hand image
shows how agglomerates of oxide particles can be visually distinguished at low magnification, by their
transparency and morphology. The right hand image exemplifies the differences between the two particle





























































Figure 16: Example variable focus micrographs of a wear scar on the horizontal sample from each of the 6
experiments
3.6. Friction and Dissipated energy vs wear rate
The cumulative dissipated energy is plotted against cycle number in Figure 3.6. All
graphs are highly linear for the entire cycle range. With the exception of steel-steel-argon,
the dissipated energy per cycle is very similar for all tests. The is no consistent correlation
between the volumetric wear rate presented in Figure 3.3, and the energy dissipated for
these tests.































































Figure 3.2 displays the results of the 9 steel-steel-air tests conducted to establish the
degree of repeatability of the test rig. The standard deviation of the final worn volumes
of these tests was 7% of the mean. Considering the differences in worn volume observed
between the different experiments, displayed in Figure 3.3, this degree of repeatability is
adequate to make clear comparisons. The bilinear nature of these graphs is in agreement
with the literature for steel on steel contacts [47] [48] [49]. Furthermore, it was found that
the average difference in worn volume between the two contacts in each test was within 2%
of the total worn volume, so there is no consistent and significant difference between the
two contacts. The apparatus developed to control the oxygen availability in the contact
was sufficient to reduce repeatably the oxygen concentration to 0.2% as measured by the
combustion meter. This reduction in oxygen was sufficient to prevent the majority of debris
oxidation as shown in figure 3.5. Oxygen content (by atomic count) was reduced from
58% to 6% in steel-steel tests, and 17% to 1% in titanium-titanium tests, in the steady
state (1000-10000 cycle) debris samples. This reduction has therefore proven sufficient to
study the effects of oxide debris on wear rate. Furthermore the debris capture and analysis
techniques have allowed for the collection of data on particle size and composition in various
cycle ranges throughout the experiment.
4.2. Effects of oxygen availability on wear rates
Considering figure 3.3, it is clear that the availability of oxygen in the contact has a
substantial effect on wear rates, although this effect is not consistent between metals. Oxy-
gen availability in steel-steel contacts caused a marked drop in wear rates, whilst in both
titanium-steel and titanium-titanium tests, the wear rates were higher in air than argon.
Polynomial best fits were found for the wear volume vs cycle number data and differentiated
to give wear rates, plotted in figure 3.3. Titanium-titanium and titanium-steel contacts
wear faster in air than argon, by a consistent factor of around 40, by volume. Steel-steel
contacts however, produce a non-linear relationship between cycle number and wear rate.
Wear rates in steel-steel tests were higher in air than argon (initially by a factor of 2), up
until around the 60th cycle as shown in figure 3.3, after which argon tests exhibited higher
wear rates. In the steady state, these tests exhibited a wear rate that is approximately 4
times higher in argon than air, indicating that iron oxides do provide a protective effect
under these conditions as observed in the literature. This is consistent with the findings
of [12] in that it suggests that iron oxides are protective in bulk once a significant third
body presence can be maintained: however it may act as an abrasive before this point. The
complexity and disparity of the effects of debris presence on wear rates indicate clearly why
simple wear models do not make accurate predictions for fretting contacts, which are more
able to retain this debris.
4.3. Glaze layer (third body formation)
These results show that in a developed contact, iron oxide presence reduces wear rates





























































linked to wear rates in classical models (Archard), the effects of these debris types are unlikely
due only to particle hardness, as the two most prevalent oxides for these metals (TiO2 and
Fe3O4) have very similar hardness [50] [51]. Particle size is another debris parameter linked
to wear rates. According to Stott et al [29], oxide particles in the size range 10-50nm are
required for the formation of a stable glaze layer, a phenomenon to which the mild wear in
steels is attributed. Figures 3.4.1 and 3.4.1 show the size distributions of the two types of
debris in the steel-steel tests conducted here. The iron oxide debris samples for the steady
state of the steel-steel-air tests, contained only particles of this 10-50 nm size range or smaller
and the EDS data for this sample given in figure 3.5, shows that the ratio of oxygen to iron
in the sample is consistent with a 100% oxide (Fe3O4) sample, making it an ideal state for
glaze layer formation according to those findings. Outside of the steel-steel-air steady state
debris, these size and composition conditions were not observed. The mean size of the debris
recovered from any other test, was 10-100 times the size required for glaze layer formation
according to Stott et al. Also, the oxygen content of these samples indicates that they
could not be 100% oxide. The highest steady state oxygen content other than steel-steel-air
was titanium-steel-air, which was 44% oxide. A glaze layer is unable to form under these
conditions.
4.4. Dependence of wear rates on pressure
A transition in wear rate is observed for steel-steel tests in both air and argon within the
first 2000 cycles. This transition is not seen in other tests; they are linear. Linearity of wear
rate with respect to cycle number with a crossed cylinder geometry indicates independence
of the active wear mechanisms to changes in contact area, thus independence to changes
in pressure, debris ejection, oxygen availability (as proposed by warmuch et al[13]), as well
as independence to cycle or time related factors such as the formation of protective third
bodies. Glaze layer formation might explain the bi-linear worn volume graphs in the steel-
steel air tests, however a non-linear wear rate is also observed in the steel-steel-argon tests,
in which a protective glaze layer could not formed due to the lack of oxide debris. This
suggests that steel-steel-argon contacts wear by mechanisms sensitive to contact area, since
a third body is not produced and the transition not as sharp. Considering pressure change
as the factor driving this transition, Figure 3.3 shows the ratio of wear rate to pressure,
vs cycle number for all tests. The steel-steel experiments (in air and argon) both show
strong linearity with pressure in the steady state, but not before cycle 3000. Titanium tests,
however, do not exhibit this linear relationship at any point. This shows how Archard-
based models could make useful predictions in some contacts, as shown by Mccoll et al [7].
However it is clear that they are not suitable for modelling of all wear mechanisms. Since
there is no consistent correlation with pressure, other factors such as debris ejection rate,
may dominate in mechanisms active in the running in period.
4.5. Dependance of wear rates on sample hardness
The wear rates of titanium-titanium tests and titanium-steel tests, shown in figure 3.3,
are indistinguishable from one another in both argon (very low wear rate) and air (high wear





























































in which the hardness of the softer material is linked to wear rates [5]. The Vickers hardness
of the titanium and steel were 344 and 293 respectively. Whilst the wear rate is identical
between the two experiments for almost the entire duration of the experiment, the distribu-
tion of this worn volume between the moving and static samples is not. The average ratio of
worn volume (moving : static) in the titanium-titanium tests was 2, whilst in titanium-steel
tests, this was 2.6, ie, 2.6 times the wear on the moving titanium sample as on the static steel
sample. Experiments performed by Lemm et al [11], showed that in fretting wear, softer
materials are more able to adhere with protective debris layers than hard materials causing
more wear in the harder body. This agrees with the result presented here, in that the harder
body wears faster: however, for a mechanism different to that proposed by Lemm et al, as
the oxide debris in this contact is clearly detrimental rather than protective. It is suggested
that this idea can be extended to include abrasive debris as well as protective debris, ie,
hard, abrasive debris will also preferentially adhere to the softer body. Since abrasive wear
by debris particles requires relative motion with a surface, if the softer surface is more able
to retain particles then it follows that it would receive less abrasive damage.
4.6. The influence of debris on model validity
There is a significant difference in the volume of metal removed by wear between the
vertical and horizontal samples, see section 4.5. This shows clearly why pointwise models
(those which assume that the wear rate at a given point can be fully determined by values
such as stress, calculated at that point), can not work in fretting. Since the magnitude of
tractions at a point in a wearing surface must be equal to those at the corresponding point
in the counterbody, these models predict that for same material contacts, both components
must wear at the same rate. This assumption might be valid in full sliding wear, where the
amount of debris in a contact at any time is small, so the majority of the load is transferred
directly through asperity contact. However, the additional presence of debris in fretting
contacts allows for significant differences in the distribution of stress between contacting
bodies, when load is carried primarily through debris particles.
Simple analytic models of single wear mechanisms, such as the Archard law, fail in fretting as
the mechanisms responsible for wear depend upon debris (rather than asperity) interactions.
The Archard law predicts that wear rate is proportional to load and a wear coefficient,
and inversely proportional to hardness. The results presented here show that in fretting
wear, none of these predictions stand. Load and hardness were constant for all tests but
worn volume is still non-linear with cycle number for all steel-steel tests. Furthermore,
the changes in wear rate corresponding to oxygen availability show that any empirically
determined “wear coefficient” has no predictive capability outside of the wear mechanism
from which it was determined.
4.7. Structure and effects of titanium debris particles
The largest disparities in wear rates were observed in titanium-titanium / titanium-steel,
between air and argon tests. Clearly the availability of oxygen in the contact results in a
large increase in wear rate. The cause of this additional damage is therefore, a consequence





























































scale) exhibited in figure 3.4.2 is large relative to the depth of surface oxidation in titanium.
This indicates that particles cannot be pieces of detached surface oxide as is hypothesised for
steel-steel oxide debris. The debris particles from this test must therefore be surface oxidised
titanium particles. This is in agreement with the EDS results in figure 3.5. The particles
observed in EDS were mostly titanium with a small quantity of oxygen (37% maximum,
with a 17% mean) and no pure oxide particles were found.
4.8. Friction, dissipated energy, and wear rates
Wear research often conflates wear and friction, treating a relationship between these two
quantities as an axiom. Dissipated energy, calculated by methods described by Fouvry et
al [52], is a useful metric of friction. The energy dissipated in the experiments performed in
this study are given in figure 3.6. This graph shows that in all tests, the energy dissipation
rate was constant for the entire cycle range. The difference in this rate is negligible between
the majority of the experiments, with the exception of the steel-steel-argon test, which is up
to twice that of the others. This result conflicts with the idea first presented by Fouvry et
al, that wear rate is proportional to the rate of energy dissipation, since the data presented
herein demonstrate no such linear relationship between wear rate and dissipated energy. If
this were the case, non-linearity in wear rates exhibited in figure 3.3 would also be evident
in the energy dissipation graphs. In explanation of this, it is suggested that in fretting wear,
the interaction of debris particles in a contact would allow for dissipation of energy without
damage to the first bodies.
5. Conclusions
A highly repeatable fretting wear test rig was designed and employed to determine the
influence of oxygen availability on the formation of debris and subsequent wear rates, with
various material combinations. Methods were developed to capture data on volumetric wear
rates with corresponding debris size and composition data.
The effects of oxygen presence in the debris particles produced in the contact were heav-
ily dependent on the parent materials. Steel contacts wore at 400% and titanium contacts
at 2.5% of the rates observed in control tests. In experiments involving contact between two
different materials, mechanisms involving large debris particles dominated.
Relationships between wear rates and contact pressures varied between experiments, in-
dicating that changes in debris size or composition changed the mechanisms by which the
wear occurred. Results indicate that debris particle size was the key parameter responsible
for protective / destructive debris effects, rather than hardness. The primary oxides of the
two materials tested were of similar hardness.
These results show the significance of debris particles in fretting contacts, explain the
shortcomings of models which do not account for debris, and indicate which parameters are






























































The authors are grateful to Rolls-Royce plc for providing the financial support for this
project and for giving permission to publish this work. This work is part of a Collabo-
rative R&T Project ‘SAGE 3 WP4 Nonlinear Systems’ supported by the CleanSky Joint
Undertaking and carried out by Rolls-Royce plc and the University of Exeter.
References
[1] R. B. Waterhouse, Fretting fatigue. Elsevier Science & Technology, 1981.
[2] Y. Berthier, L. Vincent, and M. Godet, “Fretting fatigue and fretting wear,” Tribology international,
vol. 22, no. 4, pp. 235–242, 1989.
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